The use of density functional theory (DFT) and timedependent DFT (TD-DFT) to study the photochemistry of metal complexes is becoming increasingly important among chemists. Computational methods provide unique information on the electronic nature of excited states and their atomic structure, integrating spectroscopy observations on transient species and excited-state dynamics. In this contribution, we present an overview on photochemically active transition metal complexes investigated by DFT. In particular, we discuss a representative range of systems studied up to now, which include CO-and NO-releasing inorganic and organometallic complexes, haem and haem-like complexes dissociating small diatomic molecules, photoactive anti-cancer Pt and Ru complexes, Ru polypyridyls and diphosphino Pt derivatives.
Introduction
Coordination chemists have been driven by the aspiration of exploiting electronic excited states of metal complexes to develop innovative molecular systems for a wide range of applications, spanning from solar energy conversion [1] , photocatalysis [2] and sensoring [3] to luminescent probes [4] for biology and agents for imaging [5] and therapy [6] .
Fundamental understanding of the evolution of the electronic density in response to light excitation is crucial for such uses and for improving the design of optically active metal complexes. Steady-state and timeresolved spectroscopic techniques have been effectively used to achieve such goals and characterize excited states and their dynamics. Nevertheless, in metal complexes, the full experimental characterization of excited states is often problematic for several reasons, such as the significant number of excited states lying in a small energy range, their short lifetime and the presence of forbidden electronic transitions and spectroscopic dark states.
Computational methods have been increasingly adopted in the past decade to integrate spectroscopy results, producing essential advances in the study of photophysical and photochemical properties of metal complexes. In particular, density functional theory (DFT) and time-dependent DFT (TD-DFT) have been applied to a variety of molecular systems because they are able to provide a precise description of the excited states' energy relative to the ground state, as well as information on the excited-state electronic and geometrical features. Experimental data (e.g. absorption spectra, vibrational frequencies) are used to validate computational data, which afterwards can strategically guide the interpretation of subtle spectroscopic properties. For instance, DFT becomes crucial in the characterization of forbidden states (e.g. d−d ligand field (LF) states) that are spectroscopically silent or difficult to detect as they are involved in ultrafast relaxation processes or photochemical reactions.
So far, DFT has been widely adopted to help the assignment of the absorption and emission profile of metal complexes. However, computational investigations on the photochemical behaviour of such systems are still somehow limited. For this reason, the aim of our contribution is to provide an overview of computational photochemistry by presenting a selection of case studies recently published.
Metal carbonyl complexes (a) Photochemistry of metal carbonyls: metal-to-ligand charge transfer versus ligand-field excited states
Until the late nineties, the photophysics and the photochemistry of metal carbonyls were interpreted in terms of low-energy weak-intensity LF transitions, and the photodissociation of CO was believed to occur from the lowest triplet LF states. Following the development of ab initio methods and DFT, the model for the electronic structure of metal carbonyls (figure 1) based on conventional LF arguments was modified. In 1996, a computational study based on the CASSCF/CASPT2 protocol identified the lowest-lying transitions of [Cr(CO) 6 ] and [Ni(CO) 4 ] as metal-to-ligand charge transfer (MLCT), instead of LF [7] . Later, Baerends and co-workers confirmed such assignment by DFT and TD-DFT [8, 9] . 6 ], such states lie at higher energies than the MLCT [10] . Nowadays, the ultrafast CO photochemical dissociation in these metal carbonyls is attributed to Franck-Condon 1 MLCT excited states. Calculation of potential energy curves (PECs) along the M−CO reaction coordinate have shown that 1 MLCT states become dissociative through avoided crossings with higher-lying 1 LF states [8, [11] [12] [13] .
Classical LF arguments are hardly applicable to interpret the photophysics and the photochemistry of heteroleptic pentacarbonyl complexes. For example, MLCT states were identified as the lowest states in [Cr(CO) 5 (PH 3 )] [14] , [W(CO) 5 (4-cyanopyridine) ] and [W(CO) 5 (piperidine)] [15] .
In [Cr(CO) 5 (PH 3 )], PECs calculated with TD-DFT showed that avoided crossings with higherlying 1 LF states render low-lying 1 MLCT states dissociative along the Cr−PH 3 coordinate, whereas energy barriers arise along the Cr−CO coordinates [14] .
A similar situation occurs in the case of the ultrafast photochemical dissociation of the heteroligand in [W(CO) 5 revealed that no LF transitions are accessible in a spectroscopically relevant energy range. Photophysics and photochemistry of these [W(CO) 5 L] complexes are better described by the MLCT model in which the absorption, emission and W−L bond dissociation are determined by closely lying W → L and W → CO MLCT excited states, whereas the higher-energy LF states play an indirect photochemical role by modifying PECs of MLCT states and giving them dissociative character [15] . MLCT states are the lowest excited states also in mixed-ligand carbonyl complexes, where the heteroligand is not an electron acceptor as for example [W(CO) 4 (1,2-ethylenediamine)]. In a combined theoretical and spectroscopic study on this derivative [16] , Vlček and co-workers assigned the lowest allowed transition as 1 MLCT, in contrast with the previous empirical 1 LF assignment [17] . They also found that the photochemical CO dissociation is likely to occur from singlet excited states, in competition with intersystem crossing into the lowest unreactive 3 MLCT. Along the photochemical reaction coordinates, LF-like excited states can interact with lower-lying charge transfer (CT) states rendering them repulsive.
(b) Photochemistry of trans(X,X)-[Ru(X) 2 (CO) 2 (bpy)]
The photochemical CO dissociation from ruthenium carbonyldiimine complexes of the type trans-(X, X )-[Ru(X)(X )(CO) 2 (α-diimine)] (X, X = halide, alkyl, benzyl, metal fragment) presents a rare case of dissociation of an equatorial CO ligand (figure 2; [18] ).
Optical excitation of these model complexes triggers femtosecond CO dissociation, with photochemical quantum yields that decrease, changing the halide ligand from Cl to Br and I. TD-DFT calculations showed that these derivatives lose CO from their 1 metal-ligand-to-ligand charge transfer ( 1 MLLCT) excited states, which acquire a dissociative character along the reaction coordinate through an avoided crossing with higher-lying LF states. Conversely, triplet MLLCT excited states are unreactive and their efficient population, in the case of trans(I,I)-[Ru(I) 2 (CO) 2 (bpy)] (bpy = 2,2 -bipyridine), provides a deactivation pathway to the ground state, preventing any further CO dissociation. The photochemical quantum yield is then determined by the branching between the reaction and intersystem crossing. In the case of trans(Cl,Cl)-[Ru(Cl) 2 (CO) 2 (iPr-dab)] (iPr-dab = N, N -diisopropyl-1,4-diazabutadiene), the stationary irradiation of the complex results in a slow CO dissociation with a quantum yield close to unity. Ligand release is promoted by a thermally equilibrated triplet CT state [19] because the lowest allowed 1 MLLCT transition is relatively isolated in energy. Instead of bond breaking, the optically populated 1 MLLCT state undergoes intersystem crossing to the lowest triplet state 3 MLLCT. The CO dissociation from such a relaxed 3 MLLCT state can be attributed to the shallowness of the potential energy surface (PES) of the lowest triplet state along the Ru−CO dissociation coordinate, which favours the release of the ligand and the interaction with incoming solvent molecules.
(c) Photochemistry of [(η 6 -arene)Cr(CO) 3 ]
Long and co-workers have recently reported a series of photoactive 'half sandwich' compounds of the type [(η 6 -arene)Cr(CO) 3 ] (figure 3), where arene = benzene, aniline, benzaldehyde, anisole, thioanisole, methylbenzoate, naphthalene, phenanthrene [20] [21] [22] .
This system exhibits two distinct photochemical processes, CO loss and arene loss. The dominant process following UV-vis irradiation, in room-temperature alkane solution, is the loss of one CO ligand. The quantum yield of arene loss is strongly dependent on the nature of the solvent, which is greater in halocarbons than in hydrocarbon solvents.
TD-DFT studies indicate that the CO loss and arene loss are the result of two distinct photophysical processes that originate by the population of two independent excited states, classified as metal-to-carbonyl charge transfer (MCCT) and metal-to-arene charge transfer (MACT). Both the MCCT and MACT excited states are photochemically active and are populated with varying efficiencies depending on the symmetry of the complex and on the substituents on the arene ligand.
The MCCT excited state is a bound state with respect to the M−CO reaction coordinate, but it is involved in the CO loss through an avoided crossing with an LF state lying at higher energy and not directly accessed in the excitation process. The avoided crossing with this unbound 'dark' LF state occurs at an M−CO distance larger than the equilibrium M−CO distance of the ground state. This generates a small thermal barrier to CO loss, which results in the slow release of CO (hundreds of picoseconds) compared with ultrafast dissociation in homoleptic metal carbonyls (femtosecond time scale).
Population of the MACT excited state reduces the quantum yield of CO loss and is responsible for the formation of reduced hapticity or even loss of the arene.
In the case of [(η 6 -benzene)Cr(CO) 3 ], TD-DFT calculations reveal that a lower-energy MACT exists and that the MCCT state is accessible only at higher-energy irradiations. However, the transition from the ground state to this MACT excited state has negligible oscillator strength (it is symmetry forbidden), thus the MCCT excited state is the lowest energy optically accessible excited state for [(η 6 -benzene)Cr(CO) 3 ] [23, 24] .
The presence of a substituent on the arene ligand reduces the symmetry of the complex and relaxes the selection rules prohibiting the optical population of the MACT excited state. For example, TD-DFT results for [(η 6 -methylbenzoate)Cr(CO) 3 ] and [(η 6 -benzaldehyde)Cr(CO) 3 ] indicate that the nature of the excited states is less polarized between MACT and MCCT states [20] . That is, both CO loss and ring slip process occur at all excitation wavelengths. Complexes coordinating polyaromatic arenes exhibit low CO-loss quantum yields, suggesting that an MACT excited state is populated efficiently following irradiation. Although the MACT state does not lead to photochemical products, changes in the time-resolved infrared spectra indicate that it does result in a transient change of the coordination mode of the arene ligand [21, 25] .
Nitric oxide releasing metal complexes
Nitric oxide (NO) is an endogenous intercellular regulator involved in several biological processes, including vasodilatation, inflammation, host immune response and neurotransmission [26] [27] [28] [29] [30] [31] [32] [33] . NO also plays key roles in cancer biology and is implicated in both tumour growth and suppression [34, 35] . In this context, there is a considerable interest in developing strategies to exploit controlled NO release in biological targets using light excitation. Transition metal complexes containing NO (metal nitrosyls) have become attractive photochemical NO precursors owing to their sensitivity to excitation at visible wavelengths. Over the past 20 years, several research groups have developed photoactive metal nitrosyls derived from metals such as manganese, iron and ruthenium [36] . These derivatives are water soluble and broadly absorb throughout the visible region. Their electronic spectrum calculated with the TD-DFT method shows good agreement with the experimental data. The transitions at long wavelengths are mainly ligand-to-metal charge transfer (LMCT) π * (NO) → d(Fe) in character, whereas the most intense absorptions in the UV have MLCT d(Fe) → π * (NO) character. In the central part of the spectrum, there are transitions of mixed character, however, low-intensity d → d transitions are also present [37, 38] .
Iron-sulphur cluster nitrosyls are photoactive towards NO release, but with relatively small quantum yields.
The quantitative photochemistry of RBS (quantum yield 0.0011 for λ exc = 313-546 nm) in aerated aqueous solution leads to two different photoproducts [39] . The first is formed by the photodissociation of one of the basal nitrosyls, whereas the second is due to the loss of the nitrosyl from the apical position [40] . For RBSs, transitions involving the apical iron and nitrosyl orbitals are present in the whole range of the spectrum. TD-DFT calculations showed that excitation within 350-370 nm leads mostly to CT from the Fe 4 S 3 (NO) 6 core to the apical NO, whereas excitation within 290-320 nm results in the CT directed towards basal and axial NO ligands.
The complete photodegradation of RRS is nearly independent of excitation wavelength (313-546 nm) [39, 41] . The quantum yield for NO production in aerated aqueous solution is approximately 0.07, and only one NO is released per two equivalents of RRSs consumed, and photochemical aggregation leads to the formation of RBS. The aggregation process is initiated by dissociation of the NO group and further reactivity of the [Fe 2 S 2 (NO) 3 ] 2− intermediate. TD-DFT calculations show that the transitions ascribed to the band at 374 nm in the experimental spectrum are mostly of π * (NO) → d(Fe) character. Reactive decay of the excited states leads readily to Fe−NO bond cleavage [37] .
The irradiation of aerated solutions of the RRE [Fe 2 (SCH 3 ) 2 (NO) 4 ] with 355 nm light results in the photodissociation of the NO group followed by a complete decomposition of the cluster [42] . Such behaviour is supported by computational results: excitation within the experimental band at 362 nm, assigned to the d(Fe) → π * (NO), π * (NO) → π * (NO) and π * (NO) → d(Fe) transitions, is responsible for the weakening and cleavage of the Fe−NO bond [37] . Irradiation with light, in the 300-350 nm energy range, results in nitric oxide aquation and formation of the corresponding aquaruthenium(III) complex. Irradiation with longer wavelengths (400-500 nm range) does not lead to any observable photoreaction.
The first attempt to assign the spectra of the ruthenium nitrosyl ammine complexes was proposed by Manoharan & Gray [43, 44] for the nitroprusside ion. The lower-energy bands in the spectra of trans-[Ru(NH 3 
, pyridine, pyrazine, nicotinamide, isonicotinamide, N-bound imidazole, L-histidine) were assigned to a mixture of a low-intensity MLCT dπ (Ru) → π * (NO) transition and a singlet-triplet LF transition [45] [46] [47] . [48] confirmed the assignment [45] [46] [47] of the 300-350 nm bands to an LF transition (with additional contributions from an MLCT transition) and showed that singlet-triplet LF transition contribution to the low-energy (400-500 nm) absorption was unlikely.
TD-DFT studies on trans-[Ru(NH
For [Ru(NH 3 ) 5 NO] 3+ and [Ru(NH 3 ) 4 (Cl)NO] 2+ , DFT suggests that photolability is likely initiated by a high-energy (330 nm) MLCT dπ (Ru) → π * (NO) transition [48, 49] , which leads to depopulation of a Ru(II) d π orbital involved in the back-bonding to NO + and population of a π * NO. From this singlet excited state, relatively efficient interconversion and intersystem crossing to lower-energy triplet MLCT states can occur. The authors state that the rapid solvation of triplets could be competitive with other deactivation pathways and account for NO photolability. At lower energy, other MLCT transitions (400-500 nm range) involve depopulation of the nonbonding d x2−y2 orbital, and population of a π * (NO) orbital rather than depopulation of the d xz and d yz orbitals involved in back-bonding. This is, in principle, consistent with a relatively higher difficulty to aquate NO 0 .
(c) Ruthenium(II) nitrosyls with polydentate ligands
The majority of ruthenium nitrosyl complexes have either low absorbance or are moderately photoactive upon visible light excitation. In order to broaden the absorption spectrum to these [51] . A similar result was reached by Rose & Mascharak studying [Ru((OMe) 2 bQb)(Cl)(NO)] (H 2 (OMe) 2 bQb = 1,2-bis(quinaldine-2-carboxamido)-4,5-dimethoxybenzene; H is the dissociable amide proton), whose MLCT transition has a mixed dπ (Ru) → π * (NO) and π (carboxamide) → π * (RuNO) character [52] .
The same authors also synthesized a series of nitrosyl metal complexes containing a planar tetradentate N 4 dicarboxamido ligand and a phenoxazine-dye molecule directly coordinated to the Ru centre. They obtained three nitrosyl-dye conjugates of general formula [Ru((OMe) 2 bQb)(NO)(dye)], where dye = deprotonated resorufin (Resf), thionol (Thnl) or selenophore (Seln). These derivatives present stronger absorption bands in the visible range, redshifted with respect to the lower absorption band of the precursor [Ru((OMe) 2 bQb)(Cl)(NO)] [52] . Moreover, they display a clear trend of increasing photosensitivity at longer wavelengths upon going from O to S and Se.
DFT and TD-DFT calculations elucidated the reasons behind the observed variations in the extent of photosensitization by the three dyes. Their calculated electronic spectra exhibit several strong features in the visible region, the strongest of which are π (dye) → π * (RuNO) transition. This direct electronic transition from the coordinated dye to π * (RuNO) antibonding orbitals of the nitrosyl moiety is responsible for the observed sensitization of the nitrosyl complex to visible light (improved quantum yield). Direct conjugation of the chromophore to the metal complex structure (e.g. through the phenolato-O atom) improves the probability of CT electronic transitions between the highly conjugated π -system of the dye and the nitrosyl moiety. Furthermore, DFT calculations point out that substitution of O with S and Se in the dye unit raises the energy of its π orbitals resulting in lower photoexcitation energies. Mascharak and co-workers [53] also examined the effects on the NO photorelease excitation energy of tetradentate ligands by combining anionic carboxamido-N, phenolato-O donors as well as neutral pyridine-N donors.
They This trend shows that a simple increase in the number of charged donor atoms is not enough to enhance the extent of absorption of low-energy light or the quantum yield efficiency of NO release.
Computational results [53] indicate that the polydentate ligand orbitals are critically involved in the transitions observed in the electronic absorption spectra of [Ru(hybeb)(NO)(OEt)] 2− , [Ru(hypyb)(NO)(OEt)] − and [Ru(bpb)(NO)(OEt)]. The lowest energy transitions are from molecular orbitals with electron-donating phenolato and carboxamido character into orbitals with electron-accepting pyridine mixed with π * (RuNO) antibonding character. From this singlet excited state, relatively efficient interconversion and intersystem crossing to lower-energy triplet excited states can occur. Rapid solvation of such triplet species could be competitive with other deactivation pathways and account for NO photolability [49] . Furthermore, the phenolato-O donor raises the energy of the highest occupied molecular orbitals, whereas the pyridine-N donor lowers the energy of the lowest unoccupied molecular orbital (LUMOs). The complex [Ru(hypyb)(NO)(OEt)] − , which contains both phenolato and pyridine donors, has the lowest energy transition, whereas [Ru(hybeb)(NO)(OEt)] 2− coordinating charged donors and no electron-accepting groups exhibits only high-energy transitions. Therefore, the correct mix of electron-accepting and electron-donating groups in the ligand frame promotes the absorption of lower-energy light (and concomitant NO photolability) in this type of ruthenium nitrosyls.
An alternative approach to shift the absorption profiles of ruthenium nitrosyls to the visible region of the spectrum consists of using a second metal centre that introduces longrange CT states. In recent work, Slep and co-workers reported computational insights on the pyrazine-bridged dinuclear species cis-[Ru(NH 3 ) 5 (μ-pz)-Ru(bpy) 2 (NO)] 5+ (pz = pyrazine) [54] . This compound displays a quantum yield for the NO photodelivery close to 0.03-0.04, and a red-shifted absorption profile with high molar absorptivity in the visible region (530 nm) [55, 56] . PES scans of the Ru−NO bond length were performed to evaluate the dissociation of NO from this dinuclear complex. TD-DFT computations performed at the ground-state geometry indicate that, after a quite intricate series of interconversions between excited-state electronic isomers, the complex gives the cis-[(NH 3 ) 5 Ru II (μ-pz)Ru III -(bpy) 2 (NO•)] 5+ species, which finally evolves to the {Ru III -NO•} fragment. + at longer visible wavelengths, even at λ exc = 546 nm, suggests that this reactivity occurs from a low-energy LF excited state, either one of the lowest energy quartet states formed by direct excitation or the even lower-energy doublet states formed by intersystem crossing from the quartet state(s). Photosensitization experiments indicate that at least a significant fraction of the reaction occurs from the lowest-energy doublet excited state(s), although it is difficult to exclude the operation of some prompt photolabilization from the quartet states initially formed upon direct excitation [59] .
To provide a cohesive picture of the relevant photochemistry, Ford and co-workers performed a series of DFT calculations to evaluate a potential reaction coordinate for NO dissociation [59] . The energy profile for the ground quartet state and the excited doublet state of trans-[Cr(cyclam)(ONO) 2 ] + was created by stretching the CrO−NO bond. For the ground electronic state, the energy of the system rises until the bond length is approximately 2.4 Å. According to the calculated energies, the chemical transformation is endothermic by 151 kJ mol −1 for complete NO dissociation, so the doublet excited state is sufficiently energetic to accomplish this.
For both states, the spin density surfaces surrounding the NO moiety appear to reproduce the shape of the π -antibonding molecular orbitals after the CrO−NO bond has been stretched beyond 2.4 Å. This implies that NO has fully separated from CrO at any further distance. An interesting finding of this study is the prediction that NO dissociation from a thermally equilibrated doublet excited state would involve a modest activation energy of approximately 45 kJ mol −1 .
Ligand photodissociation in metalloproteins
Haem-containing globin proteins are widely distributed in nature and are fundamental in biological systems for their ability to reversibly bind and release small gaseous molecules such as O 2 , CO and NO [60] . Haemoglobin (Hb) and myoglobin (Mb) are the most studied globins [61] ; however, more recently, neuroglobin (Ngb) and cytoglobin were also added to this family [62] . Hb and Mb contain a pentacoordinated haem iron with an open ligand-binding site; instead, Ngb is hexacoordianted as an histidine chain residue (His64) and is reversibly bound to the metal centre. Because the bond between the haem Fe ion and these diatomic ligands can be broken by photolysis, time-resolved optical techniques [63] [64] [65] [66] and advanced pump-and-probe X-ray methods [67] have provided information on transient structures for the haem core, as well as for the whole protein.
Theoretical calculations have been adopted to investigate both the ground state and the lightinduced binding/release of O 2 , CO and NO with pentacoordinate haem models. Nevertheless, the number of computational studies involving excited states is very limited and includes only O 2 and CO. The first two DFT studies on the ultrafast photodissociation of the CO-ligated haem were reported by Head-Gordon and co-workers [68, 69] . In their work, the authors optimized the geometries of the Fe model complex depicted as 6cH-Im in figure 7 at the singlet ground state using the B3LYP functional. TD-DFT singlet transition energies were calculated at the groundstate equilibrium geometry and along the Fe−CO coordinate. PECs along the metal-ligand bond were calculated without relaxing the geometry, as the photochemical process occurs in the fs time scale and structural relaxation effects should be limited. PECs showed that after light excitation of the Q band (π − π * ) and population of the lowest singlet states, the complex can decay non-radiatively to two quasi-degenerate dissociative states that cross the Q states. These photochemically active states are populated by overcoming a small barrier of 0.15 eV. Vibrational excitation associated with the photoexcitation should be enough to provide the required energy to pass such a barrier. Indeed, the calculated Fe−CO stretching of 70 fs is consistent with the ligand photodissociation time scale of 50 fs determined experimentally.
Different from the CO-haem, the NO and O 2 analogues have a much smaller photodissociation yield, which has been attributed to a fast geminate recombination and to internal conversion [63] . The difference in the photoreaction yield correlates with the angle of the Fe−X−O bond (where X = C, N, O), which is 180 • , 145 • and 120 • for CO, NO and O 2 , respectively. In other words, NO and O 2 photoexcitation results in the bending of the Fe−X−O bond, rather then in their dissociation. The distinct geometry for the NO-and O 2 -haem is originated by the occupancy of FeXO π * degenerate orbitals, which cause the bending of the ligand [70] . In the case of O 2 , photolysis experiments suggest that a side-on complex is formed and might contribute to lowering the photodissociation yield in the O 2 -haem [71, 72] .
De Angelis et al. used model haem structures with end-on and side-on conformations (figure 7) to evaluate by TD-DFT (B3LYP/LanL2DZ) the excited state behaviour of bound CO and O 2 . They varied CO-and O 2 -haem geometries along the Fe−X bond distance and Fe−X−O bond angle [73] calculating singlet-singlet vertical transitions. While confirming the scenario described by HeadGordon for the Fe−C stretching coordinate, the authors did not find any significant effect of CO bending on the photodissociation of this ligand. No crossing with the Q bands is observed for Fe-and CO-containing orbitals, which remain higher in energy.
An entirely different situation is found for the Not all the CO-haem systems readily dissociate small ligands upon photolysis. For example, Kitagawa and collaborators found by resonant Raman that the carbonyl is not released in the soluble guanylatecyclase and other enzymes under continuous-wave light irradiation [74, 75] . Moreover, they proved in a complementary study that five-coordinate CO-haem complexes are photostable [76] . Further insights on the causes of such behaviour have been obtained by the same authors using DFT and TD-DFT (B3LYP) and investigating the electronic structures of the three model complexes of figure 7 (top row) [77] . The electronic properties of the 5cH, 6cH-H 2 O and the photoactive 6cH-Im are evaluated in the singlet and spin excited states. In particular, the triplet and quintet geometries were optimized because of their potential role in the photochemistry of Fe(II) haem complexes. Analysis of these two-spin excited states highlighted that the Fe−CO bond is distorted in 5cH. The Fe−C−O angle is more bent in the triplet than in the quintet (147 • and 170 • , respectively), but a smaller out-of-plane displacement of the Fe centre. On the contrary, 6cH with its weakly bound axial water has lowest-energy triplet and quintet states with almost linear Fe−C−O bonds. These excited spin states do not have a repulsive nature towards the Fe−CO bond and their out-of-plane displacement of the Fe is towards the CO. Therefore, bending of the Fe−C−O angle could effectively help to stabilize the Fe−CO towards dissociation. Conversely, 6cH-Im is known to have a dissociative triplet state towards the Fe−CO bond. In such a complex, the out-of-plane movement of the Fe is directed towards the Im and not the CO. TD-DFT calculated PECs for singlet-singlet transitions show that in the case of 6cH-Im, dissociation of CO could occur without bond elongation, rather by bending of the Fe−C−O angle. Along this coordinate, the Q states can decay into Fe−CO repulsive states and in a Fe → porphyrin CT state. The barrier for such a decay is quite small (0.05 eV) in 6cH-Im, but it is larger in the case of 5cH and 6cH-H 2 O, which then can preferably end up in the non-dissociative triplet and quintet excited spin states.
Fang and co-workers [78] [79] [80] reported three computational studies on the hexacoordinate haem Ngb. In this globin, the distal His64 residue acts as the sixth endogenous ligand for the Fe(II) and Fe(III) state of the haem. The residue can be dissociated thermally when small molecules such as CO bind the Fe centre; however, it has been observed experimentally that the reaction proceeds through a pentacoordinated intermediate species. The displacement of the His64 has been determined as the rate-determining step of the reaction by time-resolved studies [65, 66] . Using a hybrid quantum mechanics/molecular mechanics (B3LYP/Amber) method, the authors were able to optimize two geometries of the CO-ligated Ngb (figure 8). The lowest-energy singlet geometry displays an H-bond between the O of CO and the HN ε of His64. Such interaction is not present in the second geometry, which is 19.29 kJ mol −1 higher in energy. Vertical singletsinglet excitation energies at the lowest energy geometry were calculated along the Fe−CO bond distance and the Fe−C−O angle to assess the role of singlets in the photodissociation. Excitation in the Q band states (568-532 nm) and adiabatic ligand dissociation has low probability since the two photoreactive singlets able to promote the ligand dissociation are at too high an energy. However, at longer Fe−CO distances, the Q state PECs cross the two photoactive states promoting the ligand dissociation. Release of the CO causes the reduction of the Fe−N (axial) distance and sliding of the haem unit towards the His64 residue. No direct binding between His64 and Fe is present, only a 0.8 Å movement of the residue towards the haem. The dissociated CO can move in two cavities present in the protein structure from which recombination is possible. The crossing of PECs occurs at a Fe−CO distance of 2.045 Å, producing CO and Ngb(I) * in the excited state. From this state, the CO that has not escaped the protein cavity can recombine in a second excited state, Ngb(II) * , and subsequently decay to the ground state. CO escape from the protein pocket and rebind are in competition, explaining the long lifetime of Ngb(II) * [81] .
Li et al. [78] have also explored the role of excited spin states (triplet and quintet) in the CO insertion reaction of a hexacoordinated haem with two imidazole (Im) ligands. The light-induced Co−C homolysis reaction has been studied by Kozlowski et al. in structural models of methylcobalamin (MeCbl) and ethylcobalamin (EtCbl) using DFT and TD-DFT (BP86). These two B 12 -cofactors and other related analogues have been extensively investigated to understand the mechanism at the basis of the B 12 -dependent enzymatic catalysis. Indeed, Co−C bond breaking can be induced both thermally and by light excitation, leading to an alkyl radical and Co(II) cobalamin, which are the species formed enzymatically.
Singlet and triplet PECs along the Co−C highlight that a 3 (σ Co-C → σ * Co-C ) state is promoting the photochemistry. The photodissociation yield is dependent on the excitation wavelength [82] . At high excitation energies (e.g. 400 nm), the repulsive 3 (σ Co-C → σ * Co-C ) state can be directly populated, resulting in a 25 per cent homolysis in MeCbl and a complete photolysis in EtCbl. At lower energy (e.g. 520 nm), a long-lived metastable state is also formed in MeCbl. This state has a σ bond-ligand-CT character because density is transferred from the N Im −Co−C axis to the corrin ligand. A small part of the population of this state can be transferred to the photoactive 3 
Photoactive metal complexes as anti-cancer agents
In recent years, an increasing number of photoactive metal complexes have been investigated for application as anti-cancer prodrugs [6, 83] . Non-toxic precursors can be activated by light excitation to form cytotoxic species that act with novel mechanisms of action. Compared with classical photodynamic therapy sensitizers whose antiproliferative activity relies on the 3 O 2 → 1 O 2 conversion, metal complexes offer a variety of excited states (e.g. MLCT, LMCT, metal-centred (MC)), which can lead to different reactivities and potentially result in diverse cell-killing modes. DFT and TD-DFT calculations were used to investigate the singlet and triplet excited states of several Pt(IV) azido derivatives, with both cis and trans geometry, and obtain information on their photochemistry [86] [87] [88] [89] [90] . Computational methods have proved insightful and are able to confirm experimental findings (NMR) on the nature of photoproducts [91] , obviating to the absence of time-resolved optical data owing to the high reactivity of such systems.
Pt(IV) azido complexes typically have a major absorption band in the UV region (ca 300 nm), assigned both by experiments and TD-DFT as LMCT, although MC (d−d) character is also present. The great majority of the singlet-singlet transitions composing the absorption profile of cis-and trans-Pt(IV) azido complexes involve the population of the antibonding LUMO and LUMO+1 (figure 9), which are responsible for the dissociative nature of the LMCT states and for the high photoreactivity of this family of complexes. Above 350-400 nm, no apparent absorption features are generally observed in Pt(IV) azido complexes; nevertheless, high photochemical activity has been measured using blue and even green light (λ exc > 400 nm). TD-DFT computed energies for singlet electronic transitions highlight the presence of low-intensity dissociative transitions in the visible region of the spectrum. These low-lying singlet states have very low oscillator strength values and are dissociative towards Pt-ligand bonds.
In a recent study, Sokolov & Schaefer Interestingly, the UKS-optimized lowest-lying triplet states of such complexes have a highly distorted geometry, where commonly the most pronounced feature is the lengthening of one of the two Ru−N(N, N ) bonds (e.g. 0.3 Å in the case of [(p-cymene)Ru(bpm)(py)] 2+ ). Dissociation of the chelating N, N ligand from this triplet state is prevented by the strong bond between the Ru centre and the second ring of the ligand. Moreover, the monodentate pyridine does not change its distance from the metal ion significantly. Analysis of higher-energy triplet excited states by TD-DFT points out that a 3 MC dissociative state towards the Ru−N(py) bond is present at 0.4-0.8 eV from the lowest-lying triplet. Such a state can be populated by intersystem crossing directly from the lowest singlet state (which has similar energy), in agreement with the relatively limited photoactivity and lack of emission of these metal complexes. intersystem crossing. Such 3 MC states are thought to have a distorted geometry and are associated with deactivation of emissive 3 MLCT states, as well as with photoinduced ligand release [95] .
Photochemical ligand substitution in Ru polypyridyl complexes
Computational methods based on DFT and TD-DFT have been used to rationalize the energies and behaviour of the lowest 3 MC and 3 MLCT states of a number of ruthenium polypyridyl complexes.
In 2008, we explored the nature of singlet and triplet excited states of a series of photoactive [Ru(bpy) 2 L 2 ] 2+ complexes (where L = 4-aminopyridine, pyridine, butylamine and γ -aminobutyric acid) [96] . These compounds are able to releases, with high yields, one of the monodentate ligands and were all, except the pyridine derivative, prepared by Etchenique and co-workers for the photorelease of neuroactive small molecules, i.e. 4-aminopyridine, butylamine and γ -aminobutyric acid [97] [98] [99] .
TD-DFT calculations of singlet-singlet transitions on such [Ru(bpy) 2 L 2 ] 2+ complexes show that dissociative 1 MC (d−d) states are present at energies corresponding to the 300 nm region of the spectrum. The repulsive nature of these states is due to significant contribution of the σ -antibonding orbitals shown in figure 11 for [Ru(bpy) 2 (py) 2 ] 2+ .
Excitation of the characteristic 1 MLCT cannot lead to population of the 1 MC states and subsequent photochemical reaction as their energy is too high. However, a different scenario is possible from the triplet excited states. Indeed, one of the dissociative MC states is strongly stabilized in the triplet and lies very close in energy to the lowest-lying 3 MLCT. In the pyridine complex, which has the highest photodissociation yield among this series, the energy difference between the 3 MC and the 3 MLCT is only 0.06 eV at the ground-state geometry, whereas for the others, it is between 0.11 and 0.4 eV. In the case of the pyridine complex, PECs of triplet states calculated along the Ru−N(py) bond shows that the 3 MC becomes the most stable by crossing the 3 MLCT surface. For the other complexes, the 3 MC-3 MLCT surface crossing does not occur, in agreement with their lower dissociation yield.
Etchenique and co-workers [100] used DFT and TD-DFT to investigate the photochemistry of the photoactive complex [Ru(bpy)(CH 3 CN) 4 ] 2+ , which sequentially photodissociates two axial CH 3 CN and coordinates solvent (H 2 O) molecules. The authors were able to optimize two triplet geometries for the starting compound [Ru(bpy)(CH 3 CN) 4 ] 2+ , corresponding to the 3 MC and 3 MLCT. The 3 MLCT has a geometry similar to the ground state, whereas the 3 MC shows very long Ru−N(CH 3 CN) ax distances (2.45 Å) but Ru−N(CH 3 CN) eq comparable to the ground state. Interestingly, the lowest-lying triplet is the 3 MLCT, approximately 3000 cm −1 more stable than the 3 Alary et al. [102, 103] studied by DFT the excited state properties of the [Ru(tap) 3 ] 2+ (tap = tris- (1,4,5,8-tetraazaphenanthrene) ) and [Ru(bpz) 3 ] 2+ (bpz = 2,2 -bipyrazine) complexes. These high redox potential complexes form stable photoadducts with amino acids and nucleobases that can be exploited for anti-cancer therapy [104, 105] . In these theoretical studies, particular emphasis is put on the characterization of the geometry and energy of 3 3 ] 2+ and can provide an efficient deactivation pathway, which is in good agreement with the lower luminescence yield of the latter.
Although not directly involving the study of their photochemistry, it is worth mentioning a recently published work by Persson and co-workers [106] , where the interplay between 3 MLCT and 3 MC states of tris-bidentate Ru(II)-polypyridyl complexes is investigated in detail by calculated PESs. This study highlights the presence of lowest-lying distorted 3 MC states for [Ru(tpy) 2 ] 2+ (tpy = 2,2 :6 ,2 -terpyridine), [Ru(bmp) 2 ] 2+ (bmp = 6-(2-picolyl)-2,2 -bipyridine) and [Ru(dqp) 2 ] 2+ (dpq = 2,6-di(quinolin-8-yl)pyridine). Analysis of the two-dimensional PESs along the Ru−N bond coordinates demonstrates that there are low-energy crossing points between 3 MLCT and 3 MC and that the latter has shallow surfaces. The energy barriers of such crossing points correlate well with the increased lifetime values of the series tpy < bmp < dpq. In the case of [Ru(tpy) 2 ] 2+ , a crossing point between the 3 MC and the groundstate PESs provides an efficient pathway towards deactivation. In general, it is concluded in the paper that the farther the 3 MC/ 3 MLCT crossing point from the 3 MLCT minimum over the Ru−N coordinate, the higher the barrier to overcome for deactivating the 3 MLCT. As a result, this should lead to more stable compounds and longer lifetime. The study has clear implications in the design of photoactive systems and points out the importance of investigating along reaction coordinates the behaviour of excited states. The simple analysis of equilibrium geometries might not be enough to fully understand the photochemistry and photophysics of metal complexes. are also obtained [107, 108] . The reaction was firstly observed using the complex [(dppbe)(η 2 -2,2 -dibromotolane)Pt] (dppbe = 1,2-bis(diphenylphosphino)benzene), whereas no photoreaction occurs using the unsubstituted [(dppbe)Pt(η 2 -tolane)]. The authors analysed by DFT and TD-DFT the influence of substituting the tolane moiety into the ortho, meta and para positions with several electron-donor or electron-withdrawing groups [107, 109] .
Photoactive platinum compounds
For these complexes, the low-lying energy absorption region is dominated by ligand-to-ligand charge transfer (LLCT) excitations of π (alk)→ π * (dppbe) character (alk = alkyne), whereas the high-lying absorption region is characterized by MLCT and LLCT excitations. Photochemical C−C bond activation is promoted via population of 'active' photochemical MLCT states generated by d(Pt)→ π * (alk) transitions because they are present and have high oscillator strength only in those complexes undergoing photochemical bond activation. These states promote an additional π -back-bonding, hence weakening the hapto-coordination of the metal to the tolane group and then favouring the C−C insertion rearrangement products [108] .
For the investigated complexes, both the substitution pattern and the electronic nature of the substituent on the tolane moiety play an important role in determining the presence or absence of the photochemical active MLCT d→ π * (alk) states. In particular, d→ π * (alk) bands are predominant, and stronger, in complexes with electron-withdrawing groups and in orthosubstituted compounds. Indeed, it has been seen experimentally that such complexes undergo C−C bond cleavage to a major extent [109, 110] .
The C−Br activation was also rationalized as the debilitation of the η 2 -coordination of the Pt centre to the alkyne owing to d→ π * (alk) excitations plus a weakening of the C−Br bond owing to MLCT transitions of d→ σ * (C−Br) character.
Conclusions and perspectives
The efficacy of computational methods in the study of photophysical and photochemical properties of metal complexes is constantly increasing [111] . Among the various approaches, DFT and TD-DFT suffer both advantages and disadvantages. In the first category fall their simplicity and applicability to large systems, whereas their somewhat unpredictable performance and heavy parameterization are considered limitations. At present, several other quantum chemical methods for the solution of the electronic Schroedinger equation in the excited states are available, from single-configurational (e.g. configuration interaction, time-dependent Hartree-Fock) to more sophisticate multi-configurational (e.g. CASSCF, CASPT2) ab initio methods.
Owing to their computational cost, these wave-function-based methods allow the treatment of molecular systems of up to about 50 atoms [111] [112] [113] . For this reason, TD-DFT has become the most widely used method for the calculation of excited-state properties (excitation energies, oscillator strengths, excited-state geometries, etc.) of metal complexes and other medium-to-large molecular systems because its computational cost scales better with the system size than does the cost of correlated wave-function-based methods [114] , and yet it competes well in accuracy. Although TD-DFT usually performs very well for valence excited states, it flaws in the description of Rydberg excited states, valence states of molecules with large π -systems [115] [116] [117] [118] , doubly excited states [119, 120] and CT excited states [121] [122] [123] [124] [125] . Moreover, theoretical photochemistry and photophysics require a correct description of the topological properties of the most relevant PESs involved. In particular, conical intersections (CoIns) are recognized to play a critical role in the reaction dynamics of electronic excited states. TD-DFT can accurately describe the shape of the PES in the Franck-Condon region, but cannot predict the location, energetics and topography of CoIns [126] . CoIns involving a closed-shell singlet initial state (the most relevant ones relating the lowest excited and ground states) cannot exist in TD-DFT or any general single-reference method because the interaction matrix elements connecting the initial and response state are not included in the formulation [127] .
Altogether, TD-DFT is the most popular method to calculate excited states of large transition metal complexes, a judicious selection of the functionals and basis sets, together with the inclusion of the solvent effects, should be made to obtain a quantitative agreement with the experiment, especially if MLCT states are involved [111, [128] [129] [130] , and to perform a reasonable scan of the PESs of large dimensional problems out of reach of the current wave-function-based methods.
The appropriate choice of the exchange and correlation functional is indeed crucial to obtain trustworthy results and handle the above-mentioned issues. Several studies have thoroughly investigated such dependence, highlighting the importance of careful benchmarking work [131] [132] [133] [134] .
Certainly, the examples described in this review clearly demonstrate how DFT-based methods are able to provide insightful information on electronic structures, transitions and also excitedstate geometries. This potential is enormous, but not yet fully exploited. While development of computing strategies is necessary to tackle challenges in the modelling, the intimate combination of theoretical results with experiments, i.e. time-resolved techniques, can provide a direct validation of computational characterization of excited states. In particular, stimulating opportunities are accessible by the integration of time-resolved X-ray and DFT that allow capture of the atomic motions in metal complexes upon light excitation, which is strategic information to understand their excited-state dynamics and benchmark the performance of calculations.
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